The Arenaviridae are a diverse and globally distributed collection of viruses that are maintained primarily by rodent reservoirs. Junin virus (JUNV) and Lassa virus (LASV) can both cause significant outbreaks of severe and often fatal human disease throughout their respective areas of endemicity. In an effort to improve upon the existing live attenuated JUNV Candid1 vaccine, we generated a genetically homogenous stock of this virus from cDNA copies of the virus S and L segments by using a reverse genetics system. Further, these cDNAs were used in combination with LASV cDNAs to successfully generate two recombinant Candid1 JUNV/LASV chimeric viruses (via envelope glycoprotein [GPC] exchange). It was found that while the GPC extravirion domains were readily exchangeable, homologous stable signal peptide (SSP) and G2 transmembrane and cytoplasmic tail domains were essential for correct GPC maturation and production of infectious chimeric viruses. The switching of the JUNV and LASV G1/G2 ectodomains within the Candid1 vaccine background did not alter the attenuated phenotype of the vaccine strain in a lethal mouse model. These recombinant chimeric viruses shed light on the fundamental requirements of arenavirus GPC maturation and may serve as a strategy for the development of bivalent JUNV and LASV vaccine candidates.
Divided broadly into New World and Old World serogroups, the arenaviruses (family Arenaviridae, genus Arenavirus) are rodent-borne viruses with a global distribution (12) . Among this diverse family of viruses, Junin virus (JUNV) and Lassa virus (LASV) are the two medically most important and cause significant outbreaks of human disease annually. In light of their significant public health impact, these viruses have been designated category A select agents.
The New World JUNV was first isolated in the late 1950s (36, 37) and causes seasonal outbreaks involving as many as 1,000 cases of Argentine hemorrhagic fever (AHF) within the areas of endemicity of the Pampas grasslands in central Argentina (18, 30) . JUNV is maintained primarily by animal-toanimal transmission in Calomys musculinus and to a lesser extent in other rodent species (33) . The geographic distribution of the Old World LASV is more extensive, with the virus being present throughout western Africa. LASV was first identified in 1969 during a hemorrhagic fever outbreak among missionaries in Nigeria and is today a major health threat to humans, with an estimated 100,000 cases occurring per year (23, 35) . Human infections most often result from close contact with or aerosol exposure to infected excreta from the natural reservoir, the rodent Mastomys nataliensis (34) . In severe cases, both JUNV and LASV infections can exhibit a profound hemorrhagic syndrome and high case-fatality rates (up to 10 to 30% among hospitalized patients).
Although no vaccine for either pathogen has been approved by the Food and Drug Administration (FDA) for use in the United States, a live attenuated vaccine for JUNV (5, 32) was developed by the U.S. Army Medical Research Institute (USAMRIID) in the early 1980s. The generation and passage history of the original live attenuated vaccine are detailed in Fig. 1A . This vaccine strain has been administered to more than 200,000 persons throughout the area of endemicity of central Argentina (17) , and it appears to be safe and efficacious. However, concerns about the documented genetic heterogeneity of the vaccine and lack of knowledge of the genetic basis of attenuation have prevented its broader approval and incorporation into medical countermeasure stockpiles (13) . Additionally, the antiviral drug ribavirin has been shown to be effective against LASV but only when used early in the course of infection (31) . Despite these potentially effective countermeasures, there is a critical need for improved antiviral tools and increased understanding of the basic molecular mechanisms underlying the virulence of these significant health threats.
The arenaviruses are enveloped particles containing bisegmented, single-stranded negative-sense RNA genomes encoding a total of four proteins in an ambisense fashion (9) . The L genome segment (ϳ7.2 kb) contains the viral RNA-dependent RNA polymerase (L, RdRp) and the multifunctional Z protein, which has been demonstrated to be important as a matrix protein and is responsible for virus budding (11, 14, 17, 38, 47) . The S genome segment (3.4 kb) encodes the virus nucleoprotein (N) (9) and the glycoprotein precursor (GPC), which is posttranslationally processed (28) .
Both Old and New World arenavirus glycoproteins traffic to the cellular plasma membrane, where viral assembly and budding take place in coordination with the Z protein (9) . Pathogenic New World arenaviruses, such as JUNV, have recently been shown to utilize the cellular surface protein transferrin receptor 1 (TfR1) for entry into the host cell (40) . In contrast, Old World arenaviruses (LASV and lymphocytic choriomeningitis virus [LCMV] ) and certain nonpathogenic clade C New World arenaviruses utilize the cellular protein ␣-dystroglycan to mediate virus attachment and entry into the cell (10, 46) . The importance of this difference in cellular receptor usage among pathogenic and nonpathogenic and New World and Old World arenaviruses remains unclear.
The arenavirus GPC polyprotein is proteolytically processed into three mature proteins: the relatively long, myristoylated 58-amino-acid (aa) stable signal peptide (SSP) and two structural glycoproteins, G1 and G2 (9, 16, 50) . The SSP has been demonstrated to be essential for proper trafficking of the nascent polyprotein through the endoplasmic reticulum (ER) into the Golgi compartment for further processing via interactions with the C-terminal cytoplasmic tail (CT) of G2 (2, 50) . Unlike most other negative-stranded RNA viruses, which use furinlike proprotein convertases (PC), the arenaviruses utilize the SKI-I/S1P PC to cleave the nascent G1/G2 polyprotein in the Golgi compartment into mature G1 and G2 (7, 28, 42) .
The mature G1 protein contains the major receptor binding motif, mediates cell attachment, and binds the transmembrane-bound G2 protein by stable noncovalent linkages, including noncovalent interactions (9) . The G2 protein, which functions as a transmembrane fusion protein, is comprised of three major subdomains: the (surface-exposed) N-terminal portion containing the fusion peptide motif, a transmembrane domain (TD) anchor of approximately 24 aa, and a C-terminal CT of approximately 40 aa that is embedded within the virion particle (9) .
We previously developed a highly efficient reverse genetics system for the generation of infectious JUNV entirely from cDNA plasmids (3) . In this study, we extended our previous findings toward the development of a reverse genetics-derived JUNV Candid1 vaccine strain, and we have generated recombinant vaccine stocks composed of a single, precisely defined genotype. Using this reverse genetics platform, we have also successfully developed two JUNV-Candid1/LASV chimeric viruses that may serve as potential vaccine candidates as well as useful tools to further characterize arenavirus glycoprotein processing and maturation. Importantly, these chimeric viruses also demonstrate that the attenuated phenotype of JUNVCandid1 was not changed by expression of the LASV GPC, providing preliminary evidence supporting their potential use as bivalent arenavirus vaccines.
MATERIALS AND METHODS
Cell culture and biosafety. All activities involving live JUNV and LASV were conducted in biosafety level 3 (BSL-3) and BSL-4 facilities, respectively. All animal infections were carried out in a BSL-4 laboratory following standard CDC BSL-4 safety practices. BSR-T7/5 cells were a generous gift from K. Conzelmann (Max-von-Pettenkofer-Institut, Munich, Germany). BSR-T7/5 and VeroE6 cells were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and penicillin-streptomycin as recommended by the manufacturer (Invitrogen). BSR-T7/5 cells were maintained under G-418 (1 mg/ml) Geneticin; Invitrogen) selection pressure every other passage.
Plasmid construction. Full-length cDNA copies from the JUNV Candid1 vaccine strain S and L genome segments were constructed as described previously (3). The final plasmids contained the viral antigenome flanked by the T7 RNA polymerase promoter (5Ј end) and followed by hepatitis delta virus ribozyme and T7 polymerase terminator motifs (3Ј end). To differentiate the recombinant virus from the wild-type (wt) virus, the following changes were inserted in the final genomic constructs: in the L segment (pJCd1L) nucleotides (nt) 5407 (C to T, Iso to Val) and 6425 (T to C noncoding) and in the S segment (pJCd1S) nt 802 (A to G, noncoding), 1006 (C to T, noncoding), and 3135 (G to A, noncoding) (Fig. 1B) .
For this study, functional GPC domains and subdomains were defined as detailed in previous studies (2, 50) and numbered according to the JUNV Candid1 reference sequence (GenBank accession no. HQ126698 and HQ126699). The signal peptide fragment is "domain A" (aa 1 to 58), the G1 and G2 extravirion fragments are "domains B and C" (aa 59 to 421), and the envelope embedded transmembrane domain (aa 422 to 444) together with the intravirion cytoplasmic tail (445 to 485) is "subdomain D" (Fig. 2A) . LASV glycoprotein was amplified by reverse transcription-PCR (RT-PCR) using the Josiah strain as input RNA and cloned in the pCAGGS expression plasmid. The generation of all JUNV and LASV chimeric plasmids was accomplished using standard cloning techniques. Full-length parental GPC (ABCD) or the individual structural domains A, B, C, and subdomain D were amplified as cassettes that could be inserted into the recipient cDNA plasmid. Sequences of specific primers for each fragment exchange are available upon request. The resulting plasmids were transformed into highly competent bacterial cells (XL-10 Gold; Stratagene). Transformed bacteria were selectively grown overnight, and plasmids were purified following standard molecular biology protocols and the manufacturer's instructions (Mini or Maxi Prep kit; Qiagen). Using standard cloning strategies, we constructed two plasmids, pJCd1S-⌬GPC:GFP and pJCd1S- (Fig. 2A) . Therefore, by design these constructs required genomic replication and transcription of the carried genes to enable the detection of EGFP or LUC. In combination, the various pCAG-derived plasmids allowed for expression of GPC (either native or chimeric) and complementation of the missing gene in pJCd1S-⌬GPC:GFP or pJCd1S-⌬GPC:LUC. Prior to use in any virus rescue or other manipulation, all plasmids were sequenced to completion, and full-length plasmid sequences were compared with wt virus sequences. Details of all plasmid constructions and any associated technical details can be obtained upon request.
JUNV-LASV GPC chimeric VRPs. The plasmids pJCd1S-⌬GPC:GFP or pJCd1S-⌬GPC:LUC, pC-GPC (and related chimeric plasmids) and pJCd1L were used to generate infectious virus replicon particles (VRPs) that contained the fluorescent marker EGFP or Gaussia luciferase (NEB) but were incapable of cell-to-cell spread. To accomplish this, BSR-T7/5 cells seeded to approximately 75% confluence in 6-or 12-well plates were transfected with 1 g of each plasmid using LT-1 (Mirus) transfection reagent at a volume ratio of 1:3 to 1:5 (DNA to reagent) following the manufacturer's recommended protocols. To rescue virus particles, all three plasmids must have been present in a single cell and must each have expressed their encoded proteins. Supernatants from BSR-T7/5 cells were harvested, clarified by low-speed centrifugation to remove cellular debris, and placed onto approximately 70% to 80% subconfluent monolayers of VeroE6 cells seeded in four-well chamber slides (Nunc). Chimeric VRPs were capable of infection and replication but could no longer generate infectious virus particles for subsequent rounds of infection and spread. Successful infection of VeroE6 cells was determined by the fluorescent and chemiluminescent detection assays detailed in the following paragraphs.
VRP luciferase analyses. At 1, 2, 3, and 4 days posttransfection (dpt), 50-l aliquots of supernatant were taken from transfected BSR-T7/5 cultures and stored at Ϫ20°C for subsequent measurement of GLUC activity (Renilla luciferase assay system; Promega) according to the manufacturer's recommended protocol. Luminescent signals from a total of 1 l of supernatant from transfected cells were detected with a Synergy 4 multimode microplate reader (Biotek). At 1 to 4 days posttransfection, 0.5-ml aliquots of supernatant of transfected cells were passaged onto VeroE6 cells (DMEM, 5% FBS). After 1.5 h of adsorption, the VRP inocula were removed, the monolayer was washed three times with PBS, and fresh medium was replaced. Similarly, 50 l of supernatant was taken at days 1, 2, 3, and 4 days postinfection (dpi) and stored at Ϫ20°C for subsequent analysis of GLUC activity as described above.
VRP GFP analyses. The protocol for generation and observation of chimeric VRP-GFP particles was similar to that described above. BSR-T7/5 or VeroE6 cells were fixed (4% formaldehyde, PBS) at 4 days postinfection. Direct UV microscopy to detect GFP was combined with an indirect fluorescent-antibody assay (IFA) to detect JUNV NP using an anti-JUNV rabbit antibody and an anti-rabbit-specific secondary total IgG antibody (Alexa fluor 594; Molecular Probes). Fluorescent photomicrographs were taken using a Zeiss Axioimager microscope and fluorophore-specific-wavelength filters (green channel, GFP red channel, ϭ JUNV NP) and were merged digitally (Photoshop CS2; Adobe).
Western blot analyses. BSR-T7/5 cells were transfected with pC-LAS-(ABCD), pC-LAS(SKI-Imut), pC-JCd1-Las(BC), pC-JCd1-Las(ABC), or pCJCd1-Las(BCD). Two days later, transfected cells were harvested by addition of lysis buffer containing Tris-HCl (50 mM, pH 7.4), NaCl (150 mM), EDTA (5 mM), and NP-40 (1%) supplemented with protease inhibitor cocktail (Sigma). Proteins were electrophoretically separated on 4% to 12% NuPAGE (Invitrogen) gels and transferred to a nitrocellulose membrane. The membranes were blocked with buffer containing Tris-buffered saline and 0.1% Tween 20 with 5% nonfat dry milk for 1 h and then probed overnight at 4°C with anti-G2 monoclonal antibodies (MAbs) (43) . Membranes were developed using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence. After detection of glycoprotein, the membrane was stripped and reprobed with actin antibody for detection of total protein.
Rescue of infectious viruses. Rescue was accomplished following previously described protocols (3). Briefly, BSRT7/5 cells were transfected with 1 g of each of the two plasmids encoding full-length cDNA copies of the viral S (pJCd1S) and L antigenomic segments (pJCd1L). Alternatively, pJCd1L was transfected in combination with pJCd1S plasmids containing precise substitutions of the domains of the JUNV GPC with that of LASV [pJCd1-Las(ABCD), pJCd1-Las(BC), pJCd1-Las(ABC), and pJCd1-Las(BCD)]. No protein expression support plasmids were required for generation of these fully infectious chimeric viruses. Supernatants from the transfected BSRT7/5 cells were harvested and clarified by low-speed centrifugation. All rescued viruses [rJCd1V(wt), rJCd1-LASV(ABCD), rJCd1-LASV(BC), rJCd1-LASV(ABC), and rJCd1-LASV(BCD)] were propagated after a 1:5 dilution in DMEM by infecting (70% to 80%) confluent monolayers of VeroE6 cells seeded in T 25-cm 2 flasks. Clarified virus supernatants were then diluted as described above and passed once more to generate a working stock of virus for subsequent experiments. The passage history of all viruses used in these studies was once in BSR-T7/5 cells and twice in VeroE6 cells. After the second passage, virus supernatants were inactivated (Roche Tripure reagent; Qiagen RNeasy) and transferred to a BSL-2 laboratory, where RNA was extracted. The exact molecular identity of each
FIG. 2. (A)
Schematics of plasmids used to generate nonspreading virus replicon particles (VRPs). Antigenomic S segments contain a perfect replacement of GPC by either GFP or LUC, and the GPCexpressing plasmids correspond to either authentic JUNV or the JUNV/LASV chimeric variants. (B) VeroE6 cells were infected with GFP-expressing VRPs. Infected cells were fixed at 4 dpi, and JUNV proteins were detected with anti-JUNV rabbit serum and anti-rabbit Alexa fluor 594. Fluorescent photomicrographs were taken using specific wavelength filters (green channel, GFP; red channel, JUNV proteins) and merged digitally. (C) VeroE6 cells were infected with LUCexpressing VRPs. Supernatants of infected cells were collected at 1, 2, 3, and 4 dpi, and the luciferase activity was measured with a Renilla luciferase assay system. recombinant virus was confirmed by full-genome sequencing (ABI, Big Dye 3.1) following the manufacturer's recommended protocols.
Virus titration and growth curves. All viruses were titrated by standard agarose overlay plaque assay techniques using protocols previously described (8) . Growth curves were obtained on VeroE6 cells seeded in T 25-cm 2 flasks that were infected at a multiplicity of infection (MOI) of 0.02 with either rJCd1V, rJCd1V-LASV(ABCD), rJCd1V-LASV(BC), or wt LASV. After a 1.5-h adsorption, the inoculum was removed, and the monolayers were washed three times with sterile PBS. Following washing, DMEM containing 2% FBS was added, and a sample was taken immediately to represent the 0-h time point (t ϭ 0). Subsequent samples were taken from day 1 to 7 postinfection and stored at Ϫ70°C for subsequent titration using a standard 50% tissue culture infective dose (TCID 50 ) protocol. For visualization of infected cells, monolayers were fixed (4% formaldehyde-PBS) at 5 days postinfection and were subsequently labeled with an anti-JUNV NP rabbit antibody and species-specific fluorescent secondary antibodies (Alexafluor 594 nm, anti-rabbit; Molecular Probes).
JUNV and LASV IFA. To assess the production of JUNV NP or LASV GP by each recombinant plasmid and rescued virus, we employed a standard protocol for indirect fluorescent-antibody assay (IFA) using a polyclonal rabbit anti-JUNV NP antibody (rab-JunNP), a monoclonal mouse anti-JUNV G1 antibody, and a monoclonal mouse anti-LASV-G1 antibody. Briefly, VeroE6 cells were seeded onto four-chamber slides (Nunc) either transfected with 1 g of pC-LAS-(ABCD), pC-LAS(SKI-Imut), pC-JCd1-Las(BC), pC-JCd1-Las(ABC), or pC-JCd1-Las(BCD) or infected at an MOI of approximately 0.1 with either rJCd1V, rJCd1/LasV(ABCD), or rJCd1/LasV(BC) virus. Transfected cells were incubated at 37°C for 1 day, at which time the supernatants were removed and the monolayers washed in PBS and fixed in 4% formaldehyde in PBS. Mock-and virus-infected cells were incubated at 37°C for 5 days, at which time the supernatants were removed and the monolayers washed in PBS and fixed in 4% formaldehyde in PBS. Cells were permeabilized or not in 0.1% Triton X-100 for 15 min and then thoroughly rinsed with PBS. Primary antibodies (1:250 in 1% bovine serum albumin [BSA]-PBS) were adsorbed at room temperature for 1 h and then washed thoroughly. Species-specific secondary antibodies (1:300) containing fluorescent conjugates (anti-mouse Alexa fluor 488 nm and anti-rabbit Alexa fluor 594 nm; Molecular Probes) were adsorbed for 1 h at room temperature and washed. Coverslips were mounted with DAPI (4Ј,6Ј-diamidino-2-phenylindole) nuclear stain (ProLong Gold; Molecular Probes).
Animals and virus infection. Timed pregnant females (CD-1 strain; Charles River) were housed individually in microisolator pans kept within a HEPA filtration rack inside CDC's BSL-4 laboratory in Atlanta, GA. All animals were observed daily for signs of distress or illness by a licensed veterinarian or veterinary technician. Any animal observed to be in distress (with ruffled fur, paralyzed, or with moribund behavior) were humanely euthanatized under general anesthesia. All animals had access to cotton nestlet bedding materials and to food (rodent lab animal diet; Purina) and water ad libitum. For these experiments, virus infections were carried out with suckling mice that were either 2 or 14 days old. At no time, except during the brief inoculation procedure, were pups separated from mothers. A total of 20 litters of animals (1 litter ϭ 10 animals) were used to assess the virulence and in vivo phenotypes of the wt and recombinant viruses. Initial 50% lethal dose (LD 50 PFU in a total volume of 25 l; each dose was administered intracranially (i.c.) to one group of 2 day old mice and another group of 14 day-old mice. Later, each virus [rJCd1V, rJCd1-LASV(ABCD), rJCD1-LASV(BC), or wtLASV] was inoculated i.c. at a dose of 500 PFU (corresponding to approximately 500 times the LD 50 ) in a total volume of 20 l into one litter each of 2-and 14 day-old suckling mice. A sham-inoculated control group (n ϭ 10) for each age group of suckling mice was inoculated with 25 l of sterile physiological saline. Following inoculation, animals were closely observed for 28 days for signs of illness. At the completion of the study, all surviving weanling animals were humanely euthanatized, and serum samples were taken to confirm the presence of specific antibodies. All experimental procedures and husbandry of animals described in this paper were approved by the CDC Institutional Animal Care and Use Committee (IACUC) and was conducted in accordance with the Guide for the Care and Use of Laboratory Animals (34a).
RESULTS
Reverse genetics generation of a recombinant JUNV Candid1 vaccine virus. To generate a precisely defined genetically homogeneous JUNV Candid1 virus and to provide the foundation for future studies examining the molecular basis of its attenuation, we modified our previously reported JUNV XJ13 reverse genetics system to produce this vaccine strain (3). To construct our cDNA clones, we used RNA extracted from an original ampoule of JUNV strain Candid1 vaccine seed stock, which was kindly provided by Julio Barrera-Oro, USAMRIID. Using this modified reverse genetics system, we have generated a JUNV Candid1 vaccine stock of high purity and precisely defined molecular identity from a known cDNA genomic template. Three silent changes and one conservative amino acid change were maintained as markers in the sequence of the recombinant virus that allowed for differentiation from the wild-type JUN Candid1 virus (Fig. 1B) . Wildtype and recombinant viruses exhibited no significant differences in their growth kinetics in cell culture or in their attenuated phenotype in the mouse model (see Fig. 4B and data not shown).
Consistent with our previous report (3), the generation of JUNV Candid1 was found to be highly efficient and reproducible after transfection with only two plasmids encoding fulllength cDNA copies of the viral S and L antigenomic segments. Based on a total of at least six independent replicates, the efficiency of virus rescue was determined to be 100% (data not shown). The high efficiency of this system likely reflects the need for only two plasmids and the lack of dependence on additional protein-expressing support plasmids as required by other arenavirus systems (15) .
Generation of nonspreading virus replicon particles expressing chimeric arenavirus glycoproteins. The high efficiency of the JUNV Candid1 reverse genetics procedure prompted us to investigate the possibility of using this platform to potentially produce chimeric viruses utilizing the JUNV Candid1 backbone to express the surface antigens of other arenavirus threat agents. As JUNV and LASV are the greatest public health threats that would benefit most from vaccine developments, we chose to examine the possibility of expressing LASV glycoproteins within the context of the JUNV Candid1 backbone. We anticipated that it may be challenging to combine disparate Old World and New World arenavirus components in this manner. Earlier studies had shown interaction of the JUNV SSP and G2 cytoplasmic tail (48, 49) and interaction of LCMV glycoprotein with the Z protein (11) . These findings suggested that there may be limitations with regard to reverse genetics generation of infectious chimeric arenaviruses expressing heterologous glycoprotein domains or entire glycoproteins.
To initiate this project, we designed virus replicon particles (VRPs) which lacked the ability to spread beyond the initial infected cell (see Materials and Methods). These VRPs have the advantage that they can be easily manipulated in a BSL-3 laboratory to assess the basic requirements and optimal experimental conditions for the generation of chimeric viruses. VRPs containing chimeric JUNV/LASV glycoproteins were generated from rational combinations of four structural domains (A to D) of the GPCs from the parent viruses. Domain A corresponds to the N-terminal SSP, domains B and C include the surface-exposed ectodomains of G1/G2, and domain D includes the C-terminal transmembrane domain (TD) and cytoplasmic tail (CT) region of G2. Briefly, parental and chimeric VRPs were generated by transfecting a mix of three plasmids. The first (pJCd1L) encoded the complete JUNV L segment, the second encoded the JUNV S segment with a perfect replacement of the GPC open reading frame (ORF) with either eGFP (pJCd1S-⌬GPC:GFP) or Gaussia luciferase (pJCd1S-⌬GPC:Luc), and the third encoded the parental or chimeric GPCs (pC plasmids [ Fig. 2A]) . Successful VRP generation was achieved using the native JUNV GPC, the entire LASV GPC [pC-Las(ABCD)], or the chimeric GPC where the exposed extravirion G1/G2 of JUNV were replaced with those of LASV [pC-JCd1-Las(BC)] (Fig. 2B) . Despite this success, we were unable to detect infectious VRPs utilizing cDNA constructs containing nonhomologous replacements of either the signal peptide [pC-JCd1-Las(ABC)] or transmembrane domain/cytoplasmic tail (TD-CT) of G2 [pC-JCd1-Las(BCD)] (Fig. 2B) .
Similar findings were obtained using the luciferase-expressing VRPs. As a negative control to account for passive transfer of luciferase signal in subsequent VeroE6 passages, a plasmid (pJCd1-⌬SKI) containing a mutation in the SKI-1/S1P subtilase cleavage recognition site that prevents cleavage and generation of infectious VRPs was utilized. Although primary replication activity in BSR-T7/5 cells was equivalent among all chimeras tested (data not shown), substantial differences in luciferase signal upon passage in VeroE6 cells were detected among the various GPC chimeric VRPs compared with the wt JUNV GPC controls (Fig. 2C) .
As observed in the previous experiment with EGFP constructs, both the complete GPC exchange [pC-JCd1-Las(ABCD)] and the G1/G2 domain exchange [pC-JCd1-Las(BC)] VRPs generated luciferase signals equivalent to those with the pC-GPC-JCd1(wt) controls, whereas the nonhomologous end constructs [pC-JCd1-Las(ABC)] and [pCJCd1-Las(BCD)] showed a significant deficit in the observed luciferase signal compared with the wt controls. Interestingly, a low level of luciferase activity was observed when VRPs were made in the presence of pC-JCd1-Las(BCD). Taken together, these results indicate that homologous signal peptide and TD-CT of G2 are essential to the proper maturation of nascent GPC and production of infectious VRP particles.
The failure to generate infectious VRPs with mismatched SSP and G2 TM-CT is not limited to lack of GPC S1P/SKI-1 cleavage. As shown in Fig. 2B and C, there was a substantial deficit in VRP generation when pC-JCd1-LAS(ABC) or pCJCd1-Las(BCD) plasmid was used to complement either pJCd1S-⌬GPC:GFP or pJCd1S-⌬GPC:LUC. To determine if the lack of VRP generation was due to inefficient GPC cleavage, BSR-T7/5 cells were transfected as previously described with either pC-LAS-(ABCD), pC-LAS(⌬SKI), pC-JCd1-Las(BC), pC-JCd1-Las(ABC), or pC-JCd1-Las(BCD). As expected, Western blot analyses revealed that the wild-type pC-LAS(ABCD) and the chimeric pC-JCd1Las(BC) were cleaved into SSP, GP1, and GP2 efficiently and equivalently (Fig. 3) . No cleavage was observed in our negative-control plasmid containing a disrupted SKI-I cleavage site [pC-LAS(⌬SKI)]. Very small amounts of mature G2 were observed with pC-JCd1-LAS(ABC), presumably due to inefficient SlP/SKI-I processing. Strikingly, the chimeric pC-JCd1-Las(BCD), which also exhibited decreased generation of infectious VRPs, was processed at levels equivalent to those for wt LASV. This indicates that while lack of GPC processing can be an explanation for the failure to generate infectious VRPs with the JUN-LAS-(ABC) mismatched SSP and G2 TD-CT, some additional step must be blocked in the case of the JUN-LAS(BCD) mismatch.
Moreover, we examined the intracellular and surface distributions of these LASV glycoproteins expressed in transfected VeroE6 cells by IFA. As shown in Fig. 3C , the intracellular (upper row) and the extracellular (lower row) distribution patterns of LASV glycoproteins containing homologous SSP and TD-CT were indistinguishable in cells transfected with either pC-LAS-(ABCD), pC-LAS(⌬SKI), or pC-JCd1-Las(BC). Interestingly, the two glycoproteins with mismatched SSP and TD-CT showed two distinct patterns of surface distribution. The poorly cleaved chimeric glycoprotein, pC-LAS(ABC), showed an abnormal and punctuated distribution on the cell surface, while the well-cleaved chimeric glycoprotein, pC-LAS-(BCD), showed a pattern similar to that of the wild-type glycoprotein. These results clearly indicated that efficient glycoprotein processing and normal cell surface distribution are necessary but not sufficient for the generation of infectious VRPs.
Rescue of JUNV and LASV chimeric viruses containing exchanges of the full-length GPC or G1/G2 ectodomains only. Following the promising results with the envelope protein exchanges of either the full-length GPC or the ectodomains of G1/G2, we generated infectious chimeric viruses using a similar cloning and reverse genetics strategy. After creation of the relevant full-length chimeric GPC cDNA plasmids, chimeric viruses containing precise exchanges of JUNV and LASV GPC ABCD and BC subdomains were rescued with 100% efficiency in several experimental replicates.
We failed to rescue infectious chimeric viruses containing nonhomologous stable signal peptide and TD-CT of G2, rJCd1/LASV(ABC), and rJCd1/LASV(BCD) (Fig. 4A) , showing that in agreement with our previous VRP experiments, rescue of fully infectious recombinant virus was found to be dependent on the presence of homologous SSP (domain A) and the C terminus (domain D) of the G2 glycoprotein.
All rescued viruses were passaged twice on VeroE6 cells, subjected to full-length complete genome sequencing, and titrated. Final endpoint titers of the chimeric viruses, rJCd1-LASV(ABCD) and rJCd1-LASV(BC), were similar to that of the parental virus, rJCd1V (Fig. 4B) . In all cases, the recombinant virus S and L segment sequences were identical to the template plasmids. Growth curves were determined for all rescued recombinant viruses to examine the possible impact of the GPC exchanges on their in vitro growth characteristics. The two recombinant chimeric viruses, rJCd1/LASV(ABCD) and rJCd1/LASV(BC), exhibited growth characteristics similar to those of nonchimeric control viruses, wtJCd1V and rJCd1V. All viruses reached peak titers of approximately 4.0 ϫ 10 6 TCID 50 /ml by 4 days postinfection; only negligible differences in the growth rate kinetics were observed during days 1 to 4 postinfection (Fig. 4B.) .
Additional confirmation of the antigenic identity of each recombinant virus was obtained by differential IFA staining of VeroE6 cells infected at an MOI of 1.0 with each recombinant virus. Using JUNV-and LASV-specific anti-NP (red channel) and anti-G1 (green channel) antibodies, we could discriminate each chimeric virus on the basis of the staining pattern (Fig. 5) . For example, cells infected with the recombinant chimeric virus rJCd1V/LASV(ABCD) were found to be double positive with the JUNV anti-NP antibody and the LASV anti-G1 antibody but were negative when a JUNV anti-G1 antibody was utilized (Fig. 5, second row) .
JUNV Candid1 vaccine expressing the LASV GPC retains the Candid1 attenuated phenotype in mice. To assess the contribution of the JUNV Candid1 and LASV GPC domains to virulence, the classic suckling mouse model was utilized. JUNV strain Candid1 was shown to be highly lethal in 2-day-old suckling mice when inoculated i.c., with all mice succumbing to infection within 9 to 12 days postinfection (calculated LD 50 of Ͻ1.0 PFU) (Fig. 6A) . Age-related resistance to JUNV Candid1 was observed among 14-day-old mice; only a small percentage succumbed to infection after challenge with 500 PFU i.c. (Fig. 6B and C) . The calculated JUNV Candid1 LD 50 among suckling mice aged 14 days at the time of infection was determined to exceed 1,000 PFU (the maximum dose tested due to technical limitations of the i.c. inoculum volume) (Fig.  6A) . Conversely, LASV (at 500 PFU/i.c. dose) was found to be avirulent in 2-day-old suckling mice, but it gained virulence as the mice aged, becoming nearly uniformly lethal in mice infected at 14 days of age ( Fig. 6B and C) . We utilized these observed differences in age-dependent lethality to determine the relative contributions of the JUNV and LASV GPCs to virulence in this animal model system. Both rescued chimeric viruses, rJCd1-LASV(ABCD) and rJCd1-LASV(BC), were found to retain the attenuated phenotype of the parental JUNV Candid1 strain; i.e., both chimeras were highly virulent in 2-day-old suckling mice, resulting in uniform 100% lethality. The viral genomes from several mice were sequenced to verify that they retained the genome sequence of the input virus (data not shown). The rJCd1-LASV(ABCD) and rJCd1-LAS-V(BC) viruses were completely avirulent in older, 14-day-old suckling mice ( Fig. 6B and C) , even at a dose of 2,000 PFU (data not shown). The minor differences in time to death observed between mice infected with rJCd1-LasV and rJCd1V were not statistically significant, as the time to death has been seen to vary from 7 to 20 dpi in different repeat experiments. These results, taken together, strongly suggest that inclusion of 
DISCUSSION
The substantial numbers of JUNV and LASV cases reported each year among humans, along with the high case-fatality rate associated with these pathogens, render them a substantial public health threat in many areas of the world. Of additional, significant concern is the potential intentional release of these agents in acts of bioterrorism. Safe and effective vaccines to combat these health and security threats are critically needed.
In this report, we describe the successful use of reverse genetics to generate a genetically homogeneous recombinant JUNV Candid1 vaccine and attenuated JUNV/LASV chimeric viruses that may serve as potential bivalent vaccine candidates for these two diverse arenaviruses. An important advantage of this strategy is that it relies on the preexisting JUNV Candid1 vaccine strain, which was proved to be safe and effective (4, 5, 32) . Since its approval for human use in Argentina in the 1980s, more than 200,000 persons throughout central Argentina have been vaccinated to date (18) . However, despite this record, concerns remain regarding the well-documented genetic heterogeneity of the current Candid1 vaccine, which likely resulted from the vaccine's extensive in vivo passage history (13) (Fig. 1) . The ability to efficiently generate pure stocks of recombinant JUNV Candid1 virus directly from cDNA clones provides the foundation for improvements in this vaccine and studies to precisely determine the contributions made by various mutations to the attenuated phenotype of the vaccine. In addition, this platform allowed us to investigate glycoprotein interactions involved in arenavirus maturation, propagation, and virulence by generation of JUNV Candid1 and LASV chimeric VRPs and infectious viruses.
The mechanisms and regulation of GPC maturation of arenaviruses have been the focus of much investigation over the past 20 years (9, 26) . With the ultimate goal of developing vaccine candidates for JUNV and LASV in mind, we employed a general strategy of envelope exchange using precisely defined chimeric GPC domain constructs between these two significant New World and Old World arenaviruses. We generated a full complement of chimeric JUNV and LASV GPC cDNA plasmids containing various combinations of the SSP, G1/G2 ectodomains, and G2 TM-CT domains either together or individually. Using these constructs, we successfully demonstrated that efficient virus replication and propagation require the presence of homologous virus species-specific SSP and the G2 C terminus.
Envelope protein exchange among arenaviruses and other negative-sense RNA viruses to generate multivalent recombinant live attenuated arenavirus vaccines has been previously demonstrated (6, 21, 25) . In addition, several studies have shown that the SSP of the Arenaviridae is required for GPC maturation and eventual production of infectious virions (16, 17, 25, 50) . Furthermore, studies involving JUNV have demonstrated that interactions between the SSP and G2-cytoplasmic domains are critical to mask endogenous dibasic ER retention signals located within G2 (2), thus allowing for the further processing and eventual incorporation of mature SSP, G1, and G2 into nascent virion particles.
Schlie et al. (44) have recently described the relationship of LASV CT to GPC maturation. That report suggested that LASV CT was required for correct GPC oligomerization, which seemed to be a prerequisite for SKI-1/S1P processing. The correct interaction between SSP and CT apparently triggers a change in conformation of the GPC into a trimer that is selectively cleaved; thus, processing of SKI-1 appears to serve a quality control step where only trimers are incorporated in virions. Without proper oligomerization and interactions of the SSP and G2, an uncleaved form of GPC can be found on the cellular plasma membrane; however, this immature glycoprotein precursor is unable to form infectious virus particles (2, 27, 44) .
During the initial stages of our research, we anticipated some challenges for the successful generation of a recombinant JUNV Candid1 expressing LASV GPC, based on two relevant reports: first, the well-defined interaction of JUNV SSP with the G2 cytoplasmic tail (48, 49) , and second, the suggested interaction of LCMV GPC with the Z protein (11) . In light of this information, we set out to define functionally relevant GPC domains that could be exchanged and still generate a virus that replicates efficiently while maintaining the avirulent phenotype of the parental Candid1 in animal models (and presumably in humans). Surprisingly, our studies demonstrated that recombinant VRPs containing the full-length LASV GPC [JCd1-Las(ABCD)] and nonhomologous G1/G2 ectodomains [JCd1-Las(BC)] can indeed be generated, and they were found to replicate at levels similar to those for wt JCd1 GPC VRPs in cell culture. Nonhomologous SSP and G2-cytoplamic domain exchanges led to significantly depressed production of infectious VRPs that was undetectable when measured with GFP fluorescence and only slightly above background when measured by luciferase activity. Even more surprisingly, reverse genetics generated infectious chimeric viruses containing exchanges of the full-length LASV GPC [rJCd1V-LASV(ABCD)] or the extravirion ectodomains of G1/G2 [rJCd1V-LASV(BC)] were found to have near-equivalent cell culture growth characteristics compared with authentic JUNV. These results clearly demonstrated that the sequence mismatch of (i) the LASV G1/G2 glycoproteins with JUNV N and Z proteins or (ii) the JUNV SSP and G2 cytoplasmic domain with the G1/G2 ectodomains, did not result in significant defects in virus replication or production of infectious particles. Earlier studies with LCMV and LASV have provided evidence of interaction of the Z protein with the GP and suggested that this interaction is of importance for arenavirus maturation (11) . Our results would be consistent with the sequence divergence between Old World (LASV) and New World (JUNV) arenavirus glycoproteins and Z proteins being insufficient to prevent this interaction. In addition, the earlier study (11) had demonstrated direct interaction of the SSP with Z. Interestingly, we found no difference in chimeric virus replication whether the Z protein was matched with the SSP protein [rJCd1-LASV(BC)] or not matched [rJCd1-LASV(ABCD)], suggesting a lack of a strict sequence requirement for such interactions to occur.
The main constraint we found for the generation of chimeric JUNV Candid1 infectious viruses where the JUNV glycoprotein has been replaced with the LASV glycoprotein was the requirement to match the virus species origin of the SSP and G2 cytoplasmic tail domains. Interestingly, our Western blot analysis and VRP experiments suggested different mechanisms to explain why these chimeras did not sustain production of infectious viruses. The defect where the mismatch was the G2 cytoplasmic tail [pC-JCd1-Las(ABC)] appeared to be more severe, in that in addition to lack of generation of infectious virus, the GPC was not processed efficiently by the S1P/SKI-I protease, and it presented an abnormal distribution at the cell surface (Fig. 3C) . In contrast, the Las(ABC) chimeric protein processing was almost completely abrogated, while the Las(BCD) protein did not show any defect in cleavage or in cell surface expression.
In a very recent report, Schlie et al. (44) have shown that the exchange of the LASV GPC CT with that of the closely related LCMV also blocked SKI-1/S1P cleavage. The exact reason for the block remains unclear, but current data suggest that the chimeric GPC was not in the correct ternary or quaternary conformation to allow SKI-1/S1P cleavage. Strikingly, introduction of matching JUNV SSP and JUNV TM/CT into the LASV GPC promoted its cleavage and the production of infectious virus, suggesting that interaction between the matched pair of SSP and TM/CT is solely responsible for the rescue of the defect in their original unproductive GPC chimeras (the equivalent of ABC and BCD proteins discussed here).
In contrast to the defect where the mismatch was the G2 cytoplasmic tail [pC-JCd1-Las(ABC)], the defect with the mismatch in the SSP [JCd1-Las(BCD)] produced a GPC that was efficiently cleaved by S1P/SKI-I and presented a normal cell surface distribution but, surprisingly, failed to support robust generation of VRPs or infectious chimeric virus. These results further suggest that chimeric GPC folds and traffics to the cellular compartment where S1P/SKI-1 cleavage occurs but is then defective in a subsequent step prior to maturation of infectious virus particles. Further studies on the relationship of GPC maturation and budding of virus particles will be necessary to elucidate the precise basis of this additional defect. Taken together, these results indicate that homologous SSP and G2-cytoplasmic tail domains, regardless of their origin (JUNV or LASV), are essential for the efficient generation of an infectious virus.
Using a lethal model of arenavirus infection in suckling/ weanling mice, we established a clear age-dependent phenotype between JUNV and LASV. In this model, suckling mice aged 2 days old at the time of infection were highly susceptible to lethal infection by JUNV. However, LASV was found to be phenotypically avirulent in these mice, even at dosages exceeding 1,000 times the JUNV LD 50 (Fig. 6A ). This virulence phenotype was reversed when older mice were used. In 14-dayold suckling mice, JUNV Candid1 was found to be completely attenuated, whereas LASV was shown to have near 100% lethality (Fig. 6A) . Strikingly, a Candid1-like pattern of agedependent lethality was also observed with both envelope exchange JUNV-LASV chimeras, i.e., JCd1-LASV(ABCD) and rJCd1-LASV(BC) (Fig. 6 ). Even though these chimeras did not cause lethality in 14-day-old suckling mice, all animals infected with either rJCd1-LASV(ABCD) or rJCd1-LASV(BC) developed robust anti-NP antibody responses by 28 days postinfection, equivalent to those observed in rJUNVCandid1 survivor animals.
The underlying pathophysiological mechanisms of this agerelated phenomenon remain unknown. However, this finding may be related to the well-described observation of LASV dependence on host immune dysregulation for lethality in humans and animal models, rather than direct virus-induced cell toxicity (20, 22, 29, 39, 41, 45) . Neonatal mice are known to preferentially develop type II immune responses for several days postbirth without the maturation and robust action of type I responses (reviewed in references 1, 19, and 24) that are thought to be responsible for the observed immunopathology of fatal Lassa fever. Further study of these JUNV-LASV chimeras may shed light on the complex interplay of the neonatal murine immune system and the molecular mechanisms by which arenaviruses establish persistent infection in rodent hosts. Regardless of the physiological mechanism, it is clear that the LASV GPC alone is not sufficient to alter the attenuated phenotype of the JUNV-Candid1 vaccine strain in 14-day-old weanling mice.
Given how divergent JUNV and LASV are, it was surprising that the infectious JUNV-Candid1-LASV chimeric viruses generated here retained infectivity in tissue culture and in vivo, comparable to that of authentic JUNV-Candid1 virus. This is particularly so in light of the well-demonstrated major impact that minor sequence changes can have on viral virulence. For example, the virulent JUNV-XJ13 and the vaccine JUNVCandid1 strains differ in only nine and six amino acids (nine in the L polymerase, five in the glycoproteins, and one in NP), but clearly exhibit very different virulence phenotypes in a variety of animal models (e.g., mice, guinea pigs, and rhesus macaques) (5, 18, 30, 32) .
The attenuated phenotype of these JUNV-LASV chimeras may allow for their use in the rational development of bivalent JUNV and LASV live attenuated vaccine platforms that employ an envelope protein exchange strategy. While i.c. inoculation of mice has proved to be a convenient and useful model for study of arenaviruses, the precise relevance of such studies to viral pathogenesis and virus attenuation in humans is questionable. Further characterization of these constructs in a vaccination-challenge animal model (such as guinea pigs or nonhuman primates) will be essential and required before more definitive statements on the immunogenicity and efficacy of these JUNV-LASV chimeras as vaccine candidates can be made. The results presented here represent a first step toward the production of rationally designed, safe, and effective live attenuated bivalent arenavirus vaccines that can be used to combat these significant health threats.
